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                     The Human Microbiome Project began 10 years ago, leading 
to a signifi cant growth in understanding of the role the human 
microbiome plays in health and disease. In this article, we 
explain with an emphasis on the lung, the origins of micro-
biome research. We discuss how 16S rRNA gene sequencing 
became the fi rst major molecular tool to examine the bacte-
rial communities present within the human body. We highlight 
the pitfalls of molecular-based studies, such as false fi ndings 
resulting from contamination, and the limitations of 16S rRNA 
gene sequencing. Knowledge about the lung microbiome has 
evolved from initial scepticism to the realisation that it might 
have a signifi cant infl uence on many illnesses. We also discuss 
the lung microbiome in the context of disease by giving 
examples of important respiratory conditions. In addition, we 
draw attention to the challenges for metagenomic studies of 
respiratory samples and the importance of systematic bacte-
rial isolation to enable host–microbiome interactions to be 
understood. We conclude by discussing how knowledge of the 
lung microbiome impacts current clinical diagnostics.      

  Introduction 

 Understanding the human microbiota has the potential to 
offer better diagnosis and rational management of many 
human diseases. Thus, it is not surprising that the scientific 
and lay press have embraced the human microbiome over 
the past decade. Before turning to the lung, it is worthwhile 
understanding the origins and meaning of ‘microbiome’. 

 The Oxford English Dictionary online tells us the term 
‘microbiome’ first appeared in a 1952 publication discussing 
water pollution by sewage.  1   Joshua Lederberg, awarded a Nobel 
prize for his work on microbial genetics, proposed in 2001 
that ‘microbiome’ be used to describe ‘the collective genomes 
of all the microorganisms inhabiting a specific environment, 
especially that of the body’.  2   

 The definition of ‘microbiome’ now includes every organism 
(not only bacteria, but also Archaea, fungi and viruses) 
and every means of accessing its DNA (metagenomics), its 
metabolites, RNA species and proteins,  3   in recognition of the 
central role it has in human health and disease. The Human 
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Microbiome Project (HMP) was initiated in 2007 by the US 
National Institutes of Health,  4   with a consequent flood in 
human microbiome studies. 

 A fundamental goal of the HMP was to identify and characterise 
the microbiome at key sites throughout the human body. Here, we 
examine how the technology arising from the HMP is applicable 
to the lung disorders that commonly affect much of humanity. 

 The first major tool in this effort has been the application of 
16S rRNA gene sequencing. More advanced approaches, such 
as whole-genome sequencing and metagenomics, have been 
applied to tuberculosis and more tentatively to other lung 
diseases and are described towards the end of this review.  

  16S rRNA gene sequencing 

 16S rRNA gene sequencing is an easily applicable technology 
that gives a description of the bacteria present in a complex 
biological mixture, allowing investigation of whole 
communities and the identities of their constituent members. 

 Bacteria are traditionally classified taxonomically into 
phyla, genera and species based on differences in phenotypic 
characteristics, and phenotypic tests still underpin much of 
standard clinical microbiology. Genetic sequence variation 
provides a more-robust means of tracing the evolution of 
organisms from the most simple to the most complex. Carl 
Woese and others during the late 1970s pioneered sequencing 
of the small subunit ribosomal (16S rRNA) gene ( rrnA ) to 
address bacterial phylogeny.  5,6   This gene was particularly 
suitable because ribosomes are a conserved component of the 
transcriptional apparatus of all DNA-based life forms. 

 The gene comprises nine constant regions (C) and nine 
hypervariable regions (V1–V9).  7   The variable regions enable 
sequence-specific discrimination between different bacteria. 
Using primers to span hypervariable regions, the coupling 
of 16S rRNA polymerase chain reaction (PCR) with next-
generation sequencing (NGS) of amplicons makes it feasible to 
sequence many samples at low cost. The sequences amplified 
can be identified by mapping to reference databases, thereby 
providing semiquantitative estimates of the bacteria present in 
any sample.  7   Careful PCR primer design is essential to control 
biases for and against particular groups of organism.  8   

 Amplicon sequences often do not map directly to classically 
determined taxonomies or species; thus, clusters of similar 
sequences are referred to as ‘operational taxonomic units’ 
(OTUs).  9   This limitation of 16S rRNA amplicon sequencing is 
important, in that most bacteria will only be identified at the 
genus or family level and extremely rarely at the species level, 
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depending on amplicon targeted.  10   NGS approaches focused 
on variation in other genes might be able to address these 
limitations. 

 16S rRNA gene sequences are widely used in environmental 
studies, where parameters, such as diversity, richness and 
evenness, are used as measures of the health and resilience of 
the whole microbial community.  9   Although these statistics 
are also applied to human microbial communities, they are 
probably less informative clinically than knowing the numbers 
of particular bacterial species and to what extent pathogens 
dominate the commensals. 

 Bacteria are ubiquitous, living on all our epithelial surfaces 
as well as our bowels and they are in rich abundance in most 
environments. As a consequence, molecular microbiome studies 
need to minimise the risk of contamination and false positive 
findings. Contamination can occur at the time of sampling, 
at DNA extraction and during the downstream steps of PCR 
amplification and sequencing.  11,12   Samples from the lung can 
contain relatively few bacteria (referred to as low biomass),  13   in 
contrast to faecal samples, and inclusion of extensive controls 
against contamination at many levels of the process is advisable.  

  Are the lungs sterile? 

 When the HMP was initiated, the lungs and airways were 
omitted from the list of organs to be studied. This reflected 
the common belief that healthy lungs were sterile and perhaps 
because access to the lower airways was difficult without 
invasive procedures, such as bronchoscopy.  14   This oversight has 
delayed the systematic investigation of the lung microbiome. 

 The first report that the lower airways carried a similar 
bacterial density as the upper small bowel  15   was greeted with 
scepticism, with a primary concern that the results reflected 
contamination from passage of the bronchoscope through 
the upper respiratory tract. However, the use of bronchoscopy 
samples for investigation of the lung microbiome has been 
validated by careful studies of the bacterial topography in the 
healthy human airways.  13,16,17   

 The existence of a healthy lung microbiome is now generally 
accepted, together with recognition that its disturbances 
influence many lung diseases. There is consensus from 
16S rRNA studies that, at the family level, the healthy lung 
is typified by the presence of  Firmicutes ,  Bacteriodetes , 
 Proteobacteria ,  Fusobacteria  and  Actinobacteria , while, at the 
OTU level,  Prevotella ,  Veillonella  and  Streptococcus  spp. are 
characteristic.  13,16–18   In common with other mucosal surfaces, 
many of the consistently observed OTUs are facultative 
anaerobes. Anaerobic incubation is not a routine component of 
standard clinical microbiology for sputum, perhaps explaining 
the early presumption that normal healthy lungs were sterile. 

 Bronchoscopy requires careful monitoring of patients for 
several hours and, although it is safe in a clinical setting 
(including clinical trials), it has not been attempted in 
representative population samples. In health, the oropharynx 
and intrathoracic airways might carry very similar 
microbiota  15,16   (although nasal swabs do not reflect the lower 
airway microbiome  17  ) and oropharyngeal swabs might be 
useful epidemiologically. However, in disease states, the 
oropharynx does not consistently match the lower airways  15   
and regional differences might be present within the lung 

itself.  17   Sputum is used clinically as an effective surrogate for 
airway samples, despite acknowledged contamination from 
upper airways and saliva. In the absence of sputum production, 
a reliable means of lower airway sampling remains an obstacle 
to large-scale investigations of lung disease or serial studies 
requiring frequent sampling.  

  Respiratory diseases 

  Asthma and chronic obstructive pulmonary disease 

 Asthma is characterised by abnormal airway mucosa, 
inflammation and intermittent wheeze. In westernised 
populations, asthma is the most common chronic illness 
of childhood. It is estimated to affect 334 million people  19   
worldwide, with an economic burden of € 20 billion each year 
in just the European population.  20   Viral-induced exacerbations 
are the major cause of morbidity in childhood asthma.  21   
There have been consistent epidemiological indications of the 
importance of the microbiome in asthma, dating back to David 
Strachan's ‘hygiene hypothesis’, which he invoked to explain 
why youngest children had less atopy than their older siblings. 
More recently, the PARSIFAL and GABRIELA studies have 
shown that exposure to a rich microbial environment early in 
life, such as growing up on a farm, can protect against asthma 
development.  22   

 A 16S microbiome study in 2010 compared bronchial 
brushings from asthmatic and healthy lungs  15   and showed for 
the first time that the bronchial tree contained a characteristic 
flora. In patients with asthma, the microbiota were perturbed 
by the presence of known and potential pathogens, such 
as  Haemophilus  and  Neisseria  spp. (members of the 
 Proteobacteria ), accompanied by reductions in the numbers 
of commensals, such as  Prevotella  and  Veillonella  spp. This 
characteristic signature has been confirmed by others  18,23   
and has led to the concept that forms of dysbiosis underlie 
asthma.  24   

 Chronic obstructive pulmonary disease (COPD) currently 
affects 64 million people worldwide. It is characterised by 
inflammation of the small airways that intensifies as the disease 
progresses. Although smoking is recognised to be a primary 
factor, not all smokers develop the disease and the disease 
continues to progress after smoking cessation.  25   Exacerbations 
resulting from recurrent infections are associated with 
accelerated decline of lung function and worsened quality of 
life and poor prognosis. As with asthma, Hilty  et al.  showed 
 Proteobacteria  to be increased in COPD airways, in keeping 
with numerous studies identifying  Haemophilus influenzae  as 
an important pathogen in COPD exacerbations.  15   Replication 
of these findings has been variable and somewhat influenced 
by sample type (bronchial brush, bronchoalveolar lavage, 
endotracheal aspirates or lung tissue).  25   It has been proposed 
that differences between studies reflect the existence of more 
than one microbial profile for COPD, with different phyla 
dominating, ie  Proteobacteria  versus  Firmcutes .  25   

 These cross-sectional investigations have only looked at 
samples taken at a single time point. Consequently, there is 
the need for longitudinal studies, where an individual patient 
can act as their own control, to establish the presence or 
absence of a causal link between microbiota and disease. Such 
studies allow alterations in the airway microbiome because of 
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treatment and exacerbation to be monitored by repeat sampling 
over a period of time.  

  Chronic suppurative lung diseases 

 Chronic suppurative lung disease (CSLD) encompasses 
conditions characterised by progressive lung damage and 
a chronic productive cough. Two major diseases that come 
under this banner are cystic fibrosis (CF) and non-CF 
bronchiectasis (BX). Both feature chronic airway infections 
that bring significant morbidity, and a very high mortality 
in the case of CF. There has been considerable interest in 
bacterial characterisation using 16S approaches, initially using 
16S rRNA gene-based microarrays and more recently using 
NGS. 

 Individuals with CF have long been recognised by clinical 
culture to harbour key pathogens that include  Pseudomonas 
aeruginosa  and a  Burkholderia cepacia  complex.  26   Although 
molecular-based methods confirmed the presence of these 
taxa in adults with CF, they revealed that the lower airway 
contents in CF are more polymicrobial than previously 
thought.  27   Studies of paediatric patients with CF have been 
more challenging because lower airway sampling is not part of 
standard clinical care in this age group and many children with 
CF do not naturally expectorate sputum. 

 Three longitudinal studies for CF have been published, 
varying in length and whether treatment of exacerbations was 
considered.  28–30   The longest study followed patients for a year 
with home sampling of sputum three times a week.  28   Although 
only six patients were studied, changes in the microbial 
community structure were not unique to exacerbations but 
were observed during clinical stability. An important finding 
was that the lung microbiome was patient specific, such that 
diversity among subjects was often tightly correlated to an 
individual rather than shared among groups of individuals. 

 Bronchiectasis is characterised by abnormal dilated thick-
walled bronchi and purulent sputum. Exacerbations are 
common and an underlying assumption is that they are driven 
by the overgrowth of a particular microbial species. The only 
longitudinal study to date has been conducted over 6 months 
with sputum samples collected monthly and during periods 
of exacerbation. The microbiota was quantified by 16S rRNA 
gene sequencing.  31   Similar to the findings for CF, the subjects 
were found to have a more complex airway microbiome than 
that revealed by standard clinical culture. The microbial 
communities were highly individual in composition and 
stability and there was a poor correlation with clinical state.   

  Host factors 

 For nearly all the lung diseases mentioned above, there 
has been limited consideration of the genetic background 
of the host (us, the human) and how this interplays with 
the airway microbiome. For CF, there are more than 2,000 
known mutations of the gene encoding CF transmembrane 
conductance regulator ( CFTR ), making stratification of 
microbial findings by genotype other than Δ508 daunting. 
Of interest is that restitution of CFTR function with 
ivacaftor modified the microbiome, presumably for the 
better.  32   For idiopathic pulmonary fibrosis (IPF), the 
most-common mutation in the gene encoding Mucin 5B 

( Muc5B ) was found to be associated with the total levels 
(burden) of bacteria present.  33   More interesting perhaps is 
the recent study of the Fucosyltransferase 2 ( FUT2 ) genotype 
in non-CF bronchiectasis and its impact on  P. aeruginosa  
dominance of the microbiota present.  34   For asthma, it is 
notable that the genetic risk factors identified by genome-
wide association studies are expressed by or within the 
respiratory epithelium, perhaps reflecting the importance 
of the respiratory microbiome.  35   Understanding more about 
host–microbiome interactions could follow from comparing 
gene expression in airway samples to microbial communities 
in various diseases.  

  Metagenomics 

 Almost all respiratory microbiome studies to date have relied 
only on sequencing the 16S rRNA gene. However, bacterial 
genome sequencing has highlighted that, although a ‘typical’ 
bacterium has 5,000 genes, this varies pending on genome 
size, although coding density (ie number of genes per kilobase 
(kb) of DNA) is fairly consistent.  36   Most bacterial genomes 
exist as a single circular chromosome, although species with 
linear chromosomes are recognised.  37   Bacteria additionally 
contain plasmids (extrachromosomal DNA), the regulation 
and replication of which is independent of the chromosomes. 
Many antibiotic resistance genes as well as virulence factors 
are contained within these plasmids.  38   Bacteria are also adept 
at exchanging genetic information through transduction, 
conjugation and competence.  39   

 The metagenome is ‘the collection of genomes and genes from 
the members of a microbiota’, and metagenomics is ‘the process 
to characterize the metagenome, from which information on 
the potential function of the microbiota can be gained’.  3   The 
principle of metagenomics is to extract DNA from a complex 
microbial community and then to shotgun sequence and 
interpret the data as a single genome. Function for the whole 
community can then be inferred by the presence of particular 
classes of genes (such as antibiotic resistance, metabolism and 
virulence). 

 Metagenomics has added greatly to understanding of the 
bowel microbiota and concurrent systematic isolation and 
sequencing of gut bacteria is allowing genome assembly 
of specific taxa from the metagenomic shotgun sequences 
(Human Pan-Microbe Communities (HPMC) database  40  ). 
However, the application of metagenomics to the respiratory 
field is in its infancy. 

 A substantial hurdle to respiratory metagenomics is that the 
human DNA:microbial DNA ratio might be very high. For 
faecal samples, the converse is true. Lung metagenomic studies 
to date have used sputum samples  41   and have necessitated a 
depth of sequencing that makes large-scale studies involving 
low-biomass samples (such as oropharyngeal swabs) unfeasible 
and costly. For metagenomics to work in the lung, robust 
methods that deplete human DNA or enrich microbial genomes 
are needed before sequencing is carried out. 

 Methods exist for inferring gene content from public 
databases, accessing bacterial genomes by looking up 16S 
OTU sequences (eg the PICRUst program  42  ). This is effective 
only so far as the OTU sequences closely identify the bacterial 
species (which is not yet the case) and the public databases 
comprehensively contain the genome sequences. 
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 Inferring gene content could be made more accurate by the 
systematic isolation and sequencing of individual bacterial 
isolates into a lung culture collection. This approach is 
exemplified by culture collections for the bowel  43   and oral 
cavity.  44   A lung culture collection appears fundamental for 
successful genome assemblies and for downstream functional 
experiments, and should be a priority for lung microbiome 
research.  

  Mechanisms of disease 

 Although profound, the differences in the airway microbiome 
between health and disease do not on their own discriminate 
between cause and effect. It is possible, for example, that 
 Proteobacteria  dominating the airway microbiota of patients 
with asthma or COPD might be secondary to treatment with 
inhaled steroids. Clinical studies can be designed to control for 
treatment effects, but a more direct way to understand what 
bacteria might be doing is to study isolated potential pathogens 
and their interactions with commensals  in vitro  using cellular 
models of the airway mucosa. 

 An unbiased sequenced-based approach to investigate host 
effects is to use metatranscriptomics,  3   which is the analysis of 
all expressed RNA present in a sample. This has the potential 
to inform gene expression in the host as well as the microbial 
community  in vivo . Application of this to clinical samples, 
such as sputum, is very much in its infancy and, as with 
metagenomics, there are considerable technical and analytical 
hurdles to be overcome.  

  Clinical diagnostics 

 The insights gained so far into the respiratory microbiome 
in diseased states have led to considerable interest in the 
potential development of biomarkers, improved diagnostics 
and therapies. However, as highlighted above, most respiratory 
microbiome studies are exploratory and limited in their 
explanation of causal mechanisms. Microorganism colonisation 
advantages, virulence factors and antibiotic resistance 
profiles are poorly characterised because of difficulties with 
metagenomic techniques. 

 16S rRNA and other gene sequences from bacterial 
isolates can be a powerful adjunct to culture for microbial 
identification.  45   It is possible for 16S rRNA gene analysis of 
the whole bacterial community from biological samples, 
such as sputum and bronchoalveolar lavage (BAL) to 
detect pathogens without the need for culture. However, 
many lung pathogens (a pathogen is ‘a microbe that can 
cause disease’  46  ), such as  Streptococcus pneumoniae  and  H. 
influenza , are carried in the healthy population and the 
factors that cause the switch between carriage and disease 
(such as inhibition by commensal bacteria or intercurrent 
viral infections) are only partly understood.  47   Therefore, 
criteria other than a simple presence or absence of the 
pathogen are necessary to define a true infection. Part of 
this process might be estimates of the total bacterial burden 
present in a sample  33   and whether the pathogens dominate 
the commensal community. 

 Moving further forward, it is possible to use sequences to 
quantify the number and type of antimicrobial resistance genes 
and eventually to identify specific adhesion or virulence factors. 

Although direct sequencing, PCR assays for particular genes 
or microbial identifiers, and proteomics are certain to have a 
major impact on clinical microbiology, they are unlikely to 
completely replace standard microbial cultures, where cost-
effectiveness versus clinical benefit is a key consideration.  48   
Most likely is a progressive co-development of culture and 
sequence, with great eventual benefit to patients with lung 
diseases.  

  Conclusions 

 In this review, we have provided a chronological account of 
what is currently known about the bacterial element of the lung 
microbiota. The likely complex interactions between bacteria, 
viruses and fungi should be considered in future research. The 
advanced technologies of the HMP offer huge opportunities to 
improve the management of many lung diseases. The challenge 
is to frame studies that will provide clear guidance for the 
pressing clinical problems that attend pulmonary microbial 
disorders. ■     
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